We study the intricate buckling patterns which can form when a viscous drop impacts a much lower viscosity miscible pool. The drop enters the pool by its impact inertia, flattens, and sinks by its own weight while stretching into a hemispheric bowl. Upward motion along the outer bottom surface of this bowl produces a vortical boundary layer which separates along its top and rolls up into a vortex ring. The vorticity is therefore produced in a fundamentally different way than for a drop impacting a pool of the same liquid. The vortex ring subsequently advects into the bowl, thereby stretching the drop liquid into ever thinner sheets, reaching the micron level. The rotating motion around the vortex pulls in folds to form multiple windings of double-walled toroidal viscous sheets. The axisymmetric velocity field thereby stretches the drop liquid into progressively finer sheets, which are susceptible to both axial and azimuthal compression-induced buckling. The azimuthal buckling of the sheets tends to occur on the inner side of the vortex ring, while their folds can be stretched and straightened on the outside edge. We characterize the total stretching from high-speed video imaging and use particle image velocimetry to track the formation and evolution of the vortex ring. The total interfacial area between the drop and the pool liquid can grow over 40-fold during the first 50 ms after impact. Increasing pool viscosity shows entrapment of a large bubble on top of the drop, while lowering the drop viscosity produces intricate buckled shapes, appearing at the earliest stage and being promoted by the crater motions. We also present an image collage of the most intriguing and convoluted structures observed. Finally, a simple point-vortex model reproduces some features from the experiments and shows variable stretching along the wrapping sheets.
I. INTRODUCTION
The study of drops impacting into pools of different liquids and the various resulting shapes dates back to 1885 with the work of Thomson and Newall [1] . Among the various intriguing phenomena they observed is the well-known cascade of falling plumes, which often occur during the descent of heavy drops [2] [3] [4] . Similar Rayleigh-Taylor-type instabilities also arise for heavy suspension droplets [2, 5, 6] . Heavy particles inside the drop can lead to formation of a Hill-type vortex, with a toroidal structure which can become destabilized to form localized plumes.
The buoyancy-driven stirring and mixing of different viscosity liquids is a fundamental process in the chemical industry as well as in geophysics. Numerous studies have focused on these dynamics for buoyancy-driven blobs of both miscible or immiscible liquids. Landeau et al. [7] have reviewed such experiments of relevance to astrophysical impacts of proto-planetesimals during planet formation and how heavy intrusions affect the mixing of the constitutive elements. The convoluted shapes arising during the breakup can enhance the mixing [8, 9] . The fragmentation of drops impacting immiscible pools has been characterized by Lhuissier et al. [10] . Water drops impacting immiscible silicone oils result in convoluted crater evolution [11] . These studies have not identified buckling (the focus of this study) as a significant factor in the stirring of the drop within the pool, whereas our results suggest this may be important. In Fig. 1 , we show typical examples of this buckling, which can occur both in the axial and azimuthal directions. Viscous jets and sheets can buckle when subjected to compressive stress, just like the rods and plates in solid mechanics. This is perhaps most familiar for a jet of honey coiling onto a pancake [12] [13] [14] . There is even supercoiling when the primary coil becomes long enough [15] . Theories have been formulated in great detail [16, 17] . Buckles can appear during the rupture of bubbles at the surface of viscous pools [18, 19] or thin liquid films subjected to shear in a Taylor-Couette-type device [20] [21] [22] . Buckles also appear during indentation of floating elastic films [23] or at the edges of partially wetting lenses [24] .
Cubaud and Mason [25] have studied the folding of a viscous thread flowing within a microchannel and surrounded by a less viscous miscible liquid. The thread is produced in a flow-focusing device. Here, the compression is accomplished by slowing down the viscous thread as it moves from a square channel into a diverging flat channel. The folding frequency is related to the characteristic shear rate, formed by the thread translational velocity and the channel half-width. The folding greatly enhances mixing between the two liquids.
Merrer et al. [26] studied the buckling of a slender filament of viscous liquid surrounded by air, when the air axially compresses the filament at constant velocity. For slender filaments and large enough capillary numbers, they found the buckling was analogous to Euler elastic buckling, whereas at lower compression rates the surface tension can suppress the buckling. Experiments with viscous silicon oils and honey showed similar results.
Liquid buckling is not limited to large viscosities but can appear for water if the compression rate is rapid enough, as occurs during the collapse of cylindrical crowns in sphere impacts [27] and laser ablation [28] .
The drops are pinched off by gravity from a metallic nozzle, then free fall onto a lower viscosity liquid pool. Figure 2 shows a schematic of the setup, which mirrors that used by Beilharz et al. [40] . The pool liquid is contained in a 50-mm-deep glass container, with a 40×50 mm cross section. The container width is more than 16 times the drop diameter. The large viscosity of the drop liquid rapidly dampens out any pinch-off oscillations, making the drops near spherical at impact, as is shown in the inset in Fig. 2 . In most of the experiments, we use a 500-cSt silicone-oil drop, pinched-off from a 1.6-mm-outer-diameter metallic nozzle. The silicone oil wets the nozzle and the pinch-off produces a drop diameter of D 2.42 mm. Some experiments were done with a lower viscosity drop of 100 cSt, while keeping the same D.
The droplet shape evolution within the pool is imaged using a long-distance microscope (Leica Z16 APO) at magnifications up to 14.7×. This gives a pixel resolution down to 1.94 μm/px. High-speed videos of the intricate motions are acquired with a Phantom V1610-CMOS video 073602 camera, with 1280×800 full-frame pixel area. A 350-W metal-halide lamp (Sumita Optical Glass, Inc.) combined with a diffuser provides enough backlighting to record with frame rates up to 30 kfps, even at the largest optical magnifications.
We use different but miscible silicone oils for the drop and the pool, with a much higher viscosity of the drop. On the other hand, the pool liquid viscosity was varied over the values of 0.65, 1, 1.5, 2, 5, or 10 cSt. The properties of the different viscosity silicone oils are listed in Table I . The impact velocity U was varied by changing the impact height between 20 and 500 mm. Compared to free fall, the drop velocity is slowed down by the viscous pinch-off from the nozzle and was therefore measured in the free fall using the high-speed video camera.
The impact dynamics are characterized by the values of the Reynolds and Weber numbers
where D and U are the drop diameter and impact velocity, ρ p and μ p are respectively the density and the dynamic viscosity of the pool, while σ ap is the surface tension of the pool liquid against the air. The range of parameter values cover 1145 < Re p < 8500 and 26 < We p < 600. These parameters can also be defined with the drop properties, which gives Re d two orders of magnitude smaller, with values of Re d < 15, for the 500-cSt drop, while the We d is essentially unchanged. For the 100-cSt drop in Sec. IV, Re d < 60.
The resulting flow fields are all laminar and repeatable, except when large bubbles are entrained and disrupt the drop, as will be shown in Figs. 3 
The rich space of observed phenomena arises not only from the impact Re and We but is fundamentally influenced by the difference in liquid properties between the drop and pool, with the viscosity ratio α = μ d /μ p and also the density difference ρ = ρ d − ρ p being of importance. The viscosity ratio α is always kept large, mostly >100, while ρ 210 kg/m 3 . The relative importance of the impact momentum and the buoyancy is characterized by two Froude numbers,
where U pool is the sinking velocity inside the pool and the reduced gravity g = g ρ/ρ p . Over the full range of impact velocities, we have 2 < Fr air < 21, whereas for the cases with the vortex ring, the ranges are 9 < Fr air < 13 and 14 < Fr pool < 24. While the differential weight of the two liquids is important, this shows that the advection and wrapping due to the vortex ring are the primary drivers of the shape evolution, not localized buoyancy. On the scale of the sheet thickness, the influence of reduced buoyancy becomes negligible. This is not true for the top part of the viscous bowl [Figs. 3(b) and 3(c)], which is thicker and moves much more slowly.
B. Particle image velocimetry
In some experiments, the pool liquid was seeded with 6-μm polymer microspheres (density = 1.05 g/cm 3 ), which allowed us to perform particle image velocimetry (PIV) to estimate the velocity and vorticity fields, as presented in Sec. III F. We use backlit particle shadows [42] in combination with the narrow depth of focus of the long-distance microscope to confine the in-focus particle images to a narrow plane in the flow. At the largest magnifications, the depth of focus is measured to be only 180 μm, thus allowing us to measure the velocity in a vertical plane containing the axis of symmetry. The particles remain in focus over an extended distance of travel, demonstrating that our image plane passes close to the axis of symmetry. Using a high-speed video camera at frame rates up to 24 kfps, we can obtain time-resolved evolution of the velocity field. We use the Davis program from LaVision for the PIV calculations. Using interrogation window size of 16×16 px and 75% overlap, we achieve spatial resolution in the velocity field down to 26 μm, which is needed to accurately capture the details of the vorticity field.
III. RESULTS FOR 500 CST DROP
A. Overall deformations and penetration into pool Figure 1 shows two typical examples of the buckled shapes of the stretched-out sheets of drop liquid, which are the focus of our study. We investigate this phenomenon over a range of liquid properties and impact velocities and identify the underlying dynamics, which we find to be controlled by a vortex ring. We see both axisymmetric and azimuthal buckling of the viscous sheets. The axisymmetry of the flow-geometry promotes azimuthal buckling when the viscous sheet is driven radially toward the axis of symmetry, at sufficient speed. Figure 4 highlights the region of parameter space where these buckling shapes occur. The filled symbols indicate prominent axial buckling, like that shown in Fig. 1(a) . The viscous sheets are greatly stretched, thus becoming very thin. Therefore, buckling often occurs on very small length scales. The trade-off in the imaging, between spatial resolution and size of the field of view, requires taking numerous localized video sequences for identical impact conditions to observe the details of the buckling. The dynamics are repeatable and do not change significantly during many subsequent impacts, as the drop liquid sinks to the bottom of the tank. This was verified by comparing with impacts on fresh pools, as was also done in Ref. [40] . Figure 3 shows the changes in the evolution of the drop shape, as the impact velocity is increased, while keeping the same drop and pool viscosities of 500 and 0.65 cSt respectively. For the smallest U , Fig. 3(a) , the drop deforms into a regular oblate shape, which separates from the pool surface and sinks slowly, taking the shape of a thick frisbee, then forming a shallow bowl shape, before tilting and breaking the symmetry in the last panel. For intermediate U , in Figs. 3(b) and 3(c) , a vortex ring forms, which stretches and wraps thin sheets of the drop liquid around it. Weak indications of buckling are seen but are only visible as circumferential dark rings, which are marked with arrows. This buckling only becomes clear in close-up images, shown in Sec, III B. The intricate viscous sheet structure, which we focus on herein, occurs between U ∼ 1.4-2.0 m/s, for the 1-cSt pool, while at higher impact velocities, the air crater is pinched off and interferes with the vortex structure, as shown in Figs. 3(d)-3(f) . In Fig. 3(d) , an air torus is entrapped and subsequently breaks by capillary-driven Rayleigh instability into a few bubbles along the periphery. This breakup should disrupt any vortex ring, which may be present, but Fig. 3(d) shows an irregular vortex pulling the bubbles downward, against buoyancy. This indicates a sufficiently strong circulation and pressure gradient toward the core to trap the bubbles there. Then, for the highest impact velocities, in Figs. 3(c) and 3(f), the air crater grows in size and a larger bubble is pinched off. This bubble entangles with the drop liquid, producing irregular tendrils, as the bubble is so large that it reverses direction and rises back to the free surface by buoyancy.
In Fig. 5 , we track the penetration depth of the drop liquid into the pool vs time, where we follow the deepest layer of the drop liquid. However, keep in mind that the most stretched thin sheets near the leading edge become almost imperceptible, further into the pool, making them difficult to track. In Fig. 5(a) , we show this penetration for a wide range of impact velocities. It is clear that there is not a trivial relationship between the impact velocity U and the penetration speed of the drop into the pool, as the penetration is affected by impact momentum, gravity through the air-crater formation, as well as the weight of the drop, which is of slightly larger density than the pool. For very low impact velocities, a stable air film can act as a trampoline, causing the drop to rebound from the surface, as was previously studied for these same liquids [40, 44] . For the lowest velocities herein, the drop penetrates with a small crater [ Fig. 3(a) ] and its speed is driven both by impact momentum and gravity. Figure 6 (a) shows another case of these dynamics. On the other hand, for the largest U , as shown in Fig. 6(b) , a large crater forms and is pinched off. Here the crater breaks up into two large bubbles, which rapidly decelerate and deform the droplet. The curves in Fig. 5 (a) for these two cases cross over. This shows that after the initial inertia-dominated phase, the penetration speed becomes larger for the much smaller value of U . In terms of the Froude number of the impact, the case with the largest Fr air = 21 ends up with the lowest sinking velocity, U pool 0.040 m/s, as it has produced the largest crater. For the lower impact velocities, the fastest penetration would be possible with the smallest crater. The ideal case is if pool ejecta moves up along the drop surface to fully encompass it, without a crater. This has indeed been realized for impacts of viscous drops into low-viscosity pools [45] , which leads the formation of high-speed apex jets. In Fig. 5(a) , the oblate drop slows down, approaching a sinking velocity of U p 0.070 m/s, while the more deformed bowl-shaped drop for U = 3.24 m/s has only U p 0.040 m/s in the latter half of the figure. For reference, the terminal velocity of a spherical drop with our D = 2.4 mm is ∼0.132, 0.091, and 0.074 m/s, for the 0.65-, 1.0-, and 1.5-cSt pools, respectively. The corresponding Reynolds numbers are 490, 220, and 120. The deformation of the drops into flatter shapes will certainly increase the form drag and lower the terminal velocities, closer to the observed values, but the sinking still occurs above the viscous-dominated Re regime. The inset of Fig. 6(a) shows the recirculating wake behind a descending flat drop, where the diffuse boundary layer moving up along the drop has introduced slight differences in the index of refraction.
For intermediate impact velocities, in Fig. 5(a) , the penetration into the pool is faster, being a combination of the impact momentum, self-induced vortex motion, and buoyancy. There are two clear regimes for the penetration velocity in Fig. 5(b) . First, the initial fast impact- penetration, followed subsequently by the much slower buoyancy-and vortex-ring-driven motions. The initial fast regime lasts for about the first 5 mm of penetration, corresponding to about 2 drop diameters D. Here we have scaled the time with the impact time D/U . The initial penetration velocity is expected to be about half the drop impact velocity, owing to the additional virtual mass from the pool liquid; see Hendrix et al. [46] . Indeed, for the largest impact velocity U, the initial asymptotes are in reasonable agreement with this, when we include the difference in the drop vs pool densities. This gives U p (0.54 ± 0.02)×(ρ d /ρ p )U for both pool viscosities 0.65 and 1.0 cSt. In Fig. 5(b) , the transition from the initial impact-dominated regime to a slower constant penetration speed occurs at t 4D/U . In the second regime, we see very similar trajectories over this range of intermediate impact velocities. The slightly faster normalized speeds occur for the most prominent vortex rings for U = 1.65 and 1.93 m/s, as will be studied with the PIV measurements.
It is nontrivial to disentangle the contributions from the initial impact momentum and the vortexinduced translation, whereas the buoyancy is clearly not as important when the drop liquid has been stretched into fine sheets. See for example, the sequence of images in Fig where the top part of the bowl, which contains most of the drop mass, sinks much more slowly than the bottom part, which is driven downward by the vortex ring. For the same drop and pool liquids, drop-induced vortex rings are known to effectively transport oxygen-rich surface water into the bulk [47] . However, in our configuration, we will show in Sec. III F, the vortex ring must work against the viscous stresses in the drop and break through it, thereby reducing its strength.
B. Axisymmetric buckling
We now focus in on the buckled shapes, shown earlier in Fig. 1 true for the first five folds, but the approximately five following foldings are more random, showing a combination of axial and azimuthal ridges, often at 45
• angles. This is driven by compression of the sheet in both the axial and azimuthal directions. Bending, as the sheet goes from convex to concave, could possibly also play a role in the orientation of the buckles. In Fig. 7 , the buckling starts near the top of the main bend, where the sheet is thickest, and then propagates downward, where the sheet is thinner. The wavelength of the buckles reduces accordingly. We can estimate the rate of compression from the video if we assume that the crests and troughs do not move as waves along the sheet but remain composed of the same fluid elements. These crests can be tracked, using image sequences like those in Fig. 8 . This is presented in Fig. 9 (a). Here the overall compression rate is about uniform, approximately−200 s −1 . The initial wavelength at the start of each buckle is shown in Fig. 9 (b). Here we can ascertain the wavelength as a function of sheet thickness. The wavelength of the buckles λ may be expected to be proportional to the local sheet thickness δ and the strength of its viscosity μ d . It is indeed shown in Fig. 9 (b) that the wavelength of the buckling is approximately linear with the thickness of the sheet. Here λ 19×δ. The large error bars come from the inaccuracy in determining the sheet thickness owing to refraction at the glancing view. On the other hand, we point out that the dependence on μ d is not easily verified, as systematic changes in drop viscosity lead invariably to qualitative changes in the global flow field and sheet thickness. In other words, viscosity and compression rates cannot be independently varied.
The first bends of the sheet are in this case unbent, or straightened out, when they are pulled around the top of the larger bend and stretched downward, as is indicated by the curving arrow in the third panel in Fig. 7 (see also a video clip in the Supplemental Material [43] ).
It is of interest to note the strong axisymmetry of the viscous sheets, in Figs location of the innermost wrinkled sheets are greatly out of phase along the azimuthal direction; see arrow in Fig. 16(a) .
C. Azimuthal buckling
In some cases we observe azimuthal buckling, shown on right side of Fig. 1 . This is manifest as vertical ridges in the images and arises when the primary compression is owing to flow-induced reduction of the radius of a cylindrical sheet. Keep in mind that the viscous sheets which move around the vortex core will be subjected to alternating azimuthal stretching and compression, as they are advected away from or toward the axis of symmetry. Figure 10 shows such vertical streaks on the second to the innermost section. This figure also highlights the pulling in of a fold of the outer viscous sheet (see arrows) to form a double-walled sheet which is wrapped around the vortex. The third panel shows the beginning of the pulling of a second fold. This is even followed by the third fold (see video). The rate of compression can be 073602-12 approximated from the videos, as is done in Fig. 11 , which shows the minimum radius R min vs time, corresponding to the case in Fig. 10 . Here we get a rate of
Typical azimuthal wavelengths are around λ 66 μm determined from the start of buckling in Fig. 10 . In this case, the buckling appears to be in the second viscous sheet from the axis of symmetry. It is therefore the speed of the rotation of this layer around the vortex ring which determines the compression rate, not the minimum radius vs time which is plotted in Fig. 11 . The inset in Fig. 11 explains this concept; i.e., the sheet can be compressed simply by the motion along its length (longer arrow) and does not require a reduction in R min . Indeed, the rotational velocity of the tip of this fold is measured at an average u θ 320 mm/s, giving a compression rate, when the tip travels from the outer to inner edge of the torus (see thin arrow in Fig. 10 ), producing compression rate of 215 s −1 , considerably larger than the value above obtained from Eq. (1) from the reduction in R min . Figure 12 shows a set of three separate azimuthal buckling events, occurring at different depths along the cylindrical viscous sheet. Note that the two layers in the middle consist of double-walled viscous sheets. The buckled ridges are on the inner side of the vortex ring, while the outer side has stretched out the undulations and the sheets look smooth.
However, the azimuthal wavelengths are difficult to determine later on when multiple layers of buckles overlay in the image, like in Fig. 12 . We can therefore not estimate λ accurately, nor can we estimate thicknesses of these greatly stretched sheets.
It is interesting to contrast the azimuthal buckling in Fig. 12 with the axial buckling in Fig. 13 . The latter one occurs when the viscous sheet approaches the stagnation region near the bottom stagnation point (when observed in the frame of reference of the vortex ring). The wavelength of these axial buckles at this late stage [arrows in Fig. 13(b) ] is about constant of 70 μm, but they are rather undulating in the circumferential direction. However, in this image the amplitude has saturated as the adjacent buckles touch. The wavelength at the onset of this buckling is λ 150 μm. Figure 14 shows buckling of the sheet well above the vortex ring, where the orientation of the ridges appears random. We speculate this is due to mixed-mode buckling, where both axial and azimuthal compression is at play. This is supported by the very slow reduction in the radius of the 073602-13 cylinder, at a rate of (1/R)(dR/dt) 15 s −1 . This highlights the fact that the compression does not have to be unidirectional, as most theories assume [23] . 
D. Surface area of drop-pool interface
One measure of the stirring of the drop liquid inside the pool is the growth in the surface area between the two liquids. This area can in principle be measured accurately from the video sequences. However, the buckling makes this estimate uncertain and refraction inside the multiple windings also interferes. The axisymmetry assumption certainly underestimates the true area, when it contains azimuthal buckles. Furthermore, the original bottom sheet of drop liquid can become so greatly stretched that it disappears from our imaging. This is highlighted in Fig. 13 , where we point out two such examples, using an image taken at the maximum magnification, where the sheet is just about the disappear. However, for up to three windings this area can be manually traced out accurately.
The arrows in Fig. 10 showed how some of the wrapped sheets of the drop liquid are double, i.e., composed of two sheets. This arises as a tongue of the outer sheet is pulled toward the centerline by the vortex. Keeping this in mind, we manually trace out the convoluted interface shapes, marking a continuous series of points along the entire interface; see Fig. 16(b) . We then use the axisymmetry to calculate the total interface area, which is a fundamental quantity for determining the amount of molecular mixing between the two liquids. Figure 16(c) shows how the total area grows with time. Initially, the area grows slowly, as the drop deforms into the bowl shape. Then it grows much more rapidly, as the vortex ring wraps up the multiple sheets, by pulling in three double folds as shown in Figs. 10, 12 , and 13. Here the interface area has grown ∼45-fold larger within the first 50 ms.
Knowing the area and volume of the drop liquid we can estimate the sheet thickness. However, a significant fraction of the drop volume is left behind in the thick collar. Therefore, only a small section of the area at the bottom of the bowl, marked by arrows in Fig. 17, is stretched vortex. For this particular case, we estimate that less than 15% of the volume is part of the stretched sheet. At this early time, we can estimate the local thickness of the sheet and integrated the volume assuming axisymmetry. The stretching is of course highly nonuniform along its length, as is indeed highlighted by the compressive sections manifest by the observed buckling. Subtracting the collar volume, the average sheet thickness δ ave ∼ 2.9 μm, in the final panel of the figure. This is further segmented by the pulling of folds around the vortex ring, showing that the finest sheets are certainly less than 1 micron thick. Direct imaging can only be used for estimating an upper bound for the localized thickness of these sheets due to diffraction in the side view. The bottom-most section of the viscous sheets in Figs. 13(a) and 13(b) give an estimate of about δ < 3 μm.
Not only do the double sheets become thinner during the winding-induced stretching, but their separation distance reduces, as the pool liquid between them is confined and is also stretched. This is clear by observing the tip of the folded sheet in Fig. 10 , marked by the arrows, which rapidly becomes thinner as it winds around the vortex. In Sec. III E, we construct a simple model of the stretching, which supports similar nonuniform stretching along the sheets. Figure 15 shows even more windings around the vortex ring, as it has traveled further into the pool. It is not possible to track all the sheets at this stage, as they have become too thin. Figures 15(b) and 15(c) show other close-up images. Many of the wrappings are double but cannot be separated in the image. Keep in mind that the two liquids are fully miscible and thereby lack surface tension. The sheets will therefore not rupture, only thin and eventually diffuse into the surrounding pool to loose their identity. The Peclét number Pe = Uδ/β, where β is the molecular diffusivity of the highly viscous drop liquid into the pool, is an indication of the strength of the molecular diffusion vs advection. As β ∼ 10 −11 m 2 /s [25, 48] , Pe takes a value, based even on the sheet thickness, which is 1 and advection dominates over diffusion during the short times (∼50 ms) involved in our imaging.
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E. Simple winding model
The simplest qualitative model of the winding of a viscous sheet by a vortex ring is that of a dyed line advected by a two-dimensional (2D) point vortex of strength , originally located at a distance a, as sketched in Fig. 18(a) . We define the center of the vortex as the origin and place a straight dye line (y = a) at t = 0. The fluid elements along the dye line are parametrized by their initial angle θ * and their respective distance to the vortex center is r = a/sinθ * . When time goes on, each fluid element of the dye line remains at its original distance r from the point vortex and simply rotates around it with a constant speed u θ = /(2πr) = sinθ * /(2πa). The shape of the dye line at time t is therefore
Varying the initial angle θ * from 0 • to 180
• traces out the entire curve at a fixed time t. Figure 18 (b) shows how a fold is pulled around to form a thinning double-sided finger, the tip of which thins with time. Even this simplest model shows the uneven stretching of the sheet. At the start of the motions, the left side of the dye line is in compression, while the right side is in extension. In Cartesian coordinates, along the original line x = (x,y = a), the horizontal velocity is
.
with the corresponding horizontal strain-rate along the dye line of
This is antisymmetric about θ = 90
• showing a maximum and minimum at x = ±a/ √ 3, where θ * = 60
• and 120
• . To find the actual stretching rate, we need to consider the full strain-rate tensor. For a point vortex, the direction of the principal rate of strain is aligned at 45
• away from the radial direction, but its magnitude decreases ∝1/r 2 , with distance away from its center. See ellipses in Fig. 18(a) . By projecting the line element d , along y = a, onto the local directions of the principal rates of strain, we can estimate the full local strain rates as
which simplifies to ( √ 2 /a 2 ) sin 2 θ * cosθ * , which is antisymmetric around θ * = 90
• . The maximum is at θ * = arctan √ 2 ≈ 54.7
• and the minimum at θ
). The antisymmetry is quickly broken as the streak starts advecting to produce total stretching on both sides.
We can determine the stretching of the dye line by considering the evolution of a distance dl between two fluid elements originally located at θ * and θ * + dθ * as sketched in Fig. 18(a) : and it first forms for the fluid element originally at θ * = 135
• at time t = 2πa 2 / . Perhaps counterintuitively, the tip of the finger does not remain at the same radial distance from the point vortex. As t increases, sin(2θ * ) approaches zero or θ * ⇒ 90
• , where the radius at the tip goes to the minimum possible value, i.e., r = a. This can be understood in the following manner: At the tip, the slope of the sheet is tangent to a radial ray from the center of the point vortex. At that leading point, there is no velocity component along the sheet. Whereas along the sheet below this point, i.e., for slightly smaller r, u θ is larger, pushing the sheet toward the fingertip, thereby locally compressing it. This we show by plotting the instantaneous strain rate in Fig. 19(c) , as opposed to the total strain in Fig. 19(b) . Keep in mind that the tip of the fold slowly shifts toward r = a and is therefore not composed of the same fluid elements. The width of the fingertip, i.e., the distance between the two sheets, becomes thinner. Since no fluid element moves in the radial direction, this also implies redistribution of these fluid elements along the sheet.
Thickening of the fluid below the tip is not obvious in the experiments, but some indications are present in the two tips in Figs. 12(b) and 12(c) .
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VORTEX-INDUCED BUCKLING OF A VISCOUS DROP . . . vortex at the speed u θ = /(2πa). This gives L = 2 u θ t = t/(πa), which in normalized form becomes
L is shown to grow at a faster rate than this due to stretching of the outermost layers. In this simple model, only one fold is pulled around the vortex, but one can envision a second-order model where two point vortices are allowed to self-advect with the flow, which may entrain other 073602-24 VORTEX-INDUCED BUCKLING OF A VISCOUS DROP . . . folds, as is observed in the experiments. Furthermore, the axisymmetry would be needed to reproduce possible azimuthal compression. This is currently being investigated for a future report. However, keep in mind that our sheets are not passive tracers but inject localized viscous stress.
F. PIV results: The vortex ring
In a set of experiments, the pool liquid was seeded with fine particles to quantify the velocity field and follow the formation and evolution of the vortex ring. The most important issue is here the origin and strength of the vorticity. In homogeneous drop impacts, before first contact the drop and pool contain no vorticity. The principle of persistence of irrotationality therefore demands that the vorticity must be produced in the free surface, by flow along a curved interface ( [49] , pp. 276-277). See, for example, the discussion in Brøns et al. [50] and Thoraval et al. [37, 51] . For the same low-viscosity liquid in the drop and pool, the vortex ring is produced by separation of 073602-25 a vortical boundary layer in the neck connecting the drop and the pool, during the early stage of the impact [36] . The motion of the neck is in turn driven by capillary-inertial dynamics, which require low Weber number impacts, where a critical We c < 64 has been suggested by Hsiao et al. [34] . Herein, we both have We
We c , but more importantly, the large viscosity of the drop excludes the above mechanism for the vortex generation. On the other hand, in the present configuration, the liquid domain is not homogeneous, differing greatly in viscosity and to lesser extent in density. Density variations can generate vorticity through the baroclinic term in the vorticity equation, Dω/Dt = −(∇ρ×∇p)/ρ 2 o , where p is the hydrodynamic pressure. However, this term is not the source of our vortex ring. The PIV results show clearly where the vorticity originates, i.e., in the flow up along the underside of the viscous drop liquid. Figure 20 shows the velocity vectors, along with the azimuthal vorticity field (out of the plane), the intensity of which is marked by the background color. The background includes shading from the first image of the image pair used in the PIV, showing the outline of the drop and the deformed pool surface. The figure shows that the vorticity outside this boundary layer is near zero, excluding small localized vorticity in the corner of the crater in the free surface and which is of opposite sign to the vortex ring.
Inertia from the drop impact and the slightly larger drop density pull the drop downward and deform it into a bowl shape, as shown in earlier sections. The pool liquid must therefore flow up along the sides of this descending bowl. The much larger drop viscosity (μ d /μ p 500) effectively acts like a partial-slip solid surface, through the matched shear stress, thus generating vorticity. This vortical layer is shed from the sharp corner at the top of the bowl and rolls up into the vortex ring. The induced motion around the vortex generates weaker vorticity of opposite sign along the inner corner of the drop (Figs. 20-22) ; see, for example, the yellow patch inside the blue vortex sheet on the left side of the middle panel in Fig. 20 . This vorticity is pulled up into the vortex ring, reducing its strength. In Fig. 23 , we track the strength of the vortex ring from its formation. Figure 21 shows the vortex ring after it has entered the bowl. The boundary layer along the outer layer of the drop continues to separate from the widest section of the bowl and now rises well above the rim, before taking a sharp U-turn back toward the drop. Keep in mind that strong optical refraction at the top of the bowl and at the large folds reduce erroneously the magnitude of the velocity vectors and produce noise in the vorticity field. However, this does not significantly distort the measured vorticity after the vortex has entered into the bowl. The overall rotational flow contributes, along with the buoyancy, to the large-scale buckling of the rather thick (∼0.25 mm) drop liquid in the upper section of the hemispheric bowl; see arrows in the second right panel of in Fig. 22 , where the viscous sheet is much thinner and therefore provides less viscous stress but is rather advected and stretched by the flow field.
Eventually, the vortex ring travels down and reaches the bottom of the growing bowl, driven by mutual induction and starts to wrap this sheet around, as was shown in an earlier subsection. At this stage, the viscous sheets of drop liquid are quite thin and may only have a secondary effect on the dynamics. Figure 24 shows a close-up view of how the vortex ring causes compressive stress along the viscous sheet. In the laboratory frame, the outer edge of the vortex slows the vertical velocity to zero, while the upper part of the sheet is moving downward. In this particular case, the downward tangential velocity at the location of the viscous sheet reduced from about 0.14 m/s to zero, over a distance of 0. in Fig. 9 . We also note that the vorticity next to the sheet is much weaker than in the vortex core but changes sign across the sheet, suggesting boundary layers with the flow moving up on both sides, relative to the tangential motion of the sheet and thereby compressing it.
Figure 23(a) shows the time evolution of the maximum azimuthal vorticity in the vortex core. As expected the magnitude of ω max falls off as ∼t −1/2 , characteristic of viscous diffusion. Owing to our fine spatial resolution, we can accurately measure this maximum magnitude, which reduces from 16 000 s −1 by a factor of 10 to ∼1600 s −1 in 60 ms, which corresponds to about τ = tR/U = 87 in normalized impact time units. The oscillations in the signal are real and arise from the interactions of the vortex ring with the viscous surface of the drop liquid. This maximum vorticity will only be slightly under-resolved during the earliest times, as the characteristic viscous scale in the pool boundary layer, along the bottom side of the drop, is quite thin. If we estimate this thickness within the pool as δ √ ν p t, over the first ms, we get δ 32 μm, whereas the smallest interrogation window used in the multistep cross-correlation procedure, in vorticity reduces rapidly, the circulation remains nearly constant, reducing only by 25%, as plotted in Fig. 23(b) . The circulation is not fully conserved here, as it entrains some of the boundary layer formed at the inner edge of the viscous sheet, as was shown in Fig. 21 .
PIV becomes difficult as the vortex travels further into the pool and wraps the viscous sheets repeatedly. We can, however, roughly estimate the circulation from the speed of the wrapping of the sheets. Figure 15 showed the vortex ring further down inside the pool. We can estimate the circulation by the wrapping of the innermost viscous layer around the vortex core, giving the rotation velocity of the tip, u θ = 0.41 m/s and = u θ * πL = 870 mm 2 /s, where L is the diameter of the wrapping. This is in good agreement with the PIV results. In this figure, the vortex ring diameter is 4.1 mm and it advects downstream at V = 0.113 m/s. Figure 15 (c) shows a vortex ring even further down, with many irregular buckled sheets visible. Here, the ring diameter is 3.97 mm and V = 0.118 m/s, with the corresponding u θ 0.21 m/s and = u θ πL = 330 mm 2 /s. This estimate is lower but of the same order of magnitude as those calculated above from the actual velocity field.
IV. CHANGING THE DROP-POOL VISCOSITY RATIO
In the previous section, we have kept the drop viscosity at 500 cSt while keeping the pool viscosity quite low, on the order of 1. In this section, we first investigate how the dynamics are affected if the pool viscosity is increased significantly. Second, we document the convoluted shapes which occur when the drop viscosity is lowered by a factor of 5 to 100 cSt.
A. Higher pool viscosity
When the pool viscosity is increased by a factor of 10 to 10 cSt, we do not observe a concentrated vortex ring. Instead, the dynamics are controlled by a bubble which is entrapped by the outer liquid on top of the drop, as the crater closes up above the drop and the pool liquid does not fully wet the drop surface. This is shown in Fig. 25 and occurs over a wide range of impact velocities. This bubble is therefore in direct contact with the drop liquid, partly imbedded into its top surface. Its buoyancy pulls the drop upward, against its weight, until the bubble detaches. In Fig. 25(a) , the bubble is too small to slow the drop down significantly, whereas in Figs. 25(b) and 25(c) the bubbles are large enough to reverse the motion of the drop-bubble composite. In Fig. 25(c) , it can even pull the drop all the way back up to the pool surface. The volume of the bubble in both cases is very similar, but for the higher impact velocity it is embedded slightly further into the drop and takes longer to dislodge itself. Keep in mind that the liquids are miscible, so there is no triple line where they meet at the surface of the bubble [52] .
For the bubble to detach from the drop, the pool liquid must intrude between them, as the drop viscosity is too high for the upward buoyancy to rapidly deform it. This will, of course, depend on the viscosity ratio, as well as on the bubble surface tension. The time scale of this intrusion T p is set by a balance between the suction pressure from the bubble buoyancy ρ pool gD 3 b and the viscous stress acting against the suction pressure in the film under the bubble μ pool U film /(δ film ). Here the film velocity is bounded by no slip at the drop and is shear free at the bubble surface, i.e., U film ∼ ρ pool g δ It is interesting to note that during the early impact the drop has greatly deformed into a pancake shape sitting at the bottom of the crater, whereas during the collapse of this crater, in Figs. 25(b) and 25(c), the resulting flowfield pulls it back toward a spherical shape, even without surface tension between the two miscible liquids.
B. Lowering the viscosity of the drop to 100 cSt
A few experiments were performed where the drop viscosity was lowered from 500 to 100 cSt, to ascertain the influence of drop viscosity on the prevalence of the buckling. The lower drop viscosity should allow the drop to deform and stretch out more easily during the early stages of the impact and produce buckles earlier. This is indeed what we observe, with the emergence of much more convoluted shapes. Below we show some typical cases starting from low to high impact velocities. Figure 26 (a) shows a minimally deformed drop for a low impact velocity, where the Mesler air layer breaks along the equator [44] (see white arrow) and leaves a bottom bubble and a pointy pinch-off of the air crater along the top side of the drop.
For a slightly larger U, Fig. 26(b) shows three prominent folds in the drop liquid, in the upper sections of the shape. The liquid sheets at the sides of these folds are nearly linear and angled at about 30 deg to the vertical. The bottom viscous hemispheric sheet is very thin but smooth and without a clear presence of a vortex ring, but this was not verified with PIV. Figure 27 shows a case, with slightly larger U = 1.45 m/s, where multiple axisymmetric bucklings of the thick drop are observed while the crater is still prominent. An isolated bubble is entrapped at the center. Figure 28 shows an example, for still higher impact velocity at U = 2.10 m/s, which produces even more convoluted shapes than seen for the higher viscosity drops. Keep in mind that these convoluted features are repeatable, but some of the wrappings occur too close to the free surface and are too obscured by diffraction for us to figure out the detailed interface structures. Satellites generated during the pinch-off from the nozzle may also play some role, in the details along the centerline, but this could not be ascertained.
Here the drop liquid is greatly stretched to span the entire surface of the large crater. These drop liquid sheets near the free surface undergo large distortion and foldings, when the crater starts to rebound and becomes narrower near its bottom. This pulls the drop sheets toward the centerline, compressing and folding the sheets. The white arrow in Fig. 28 points out which develops as the wave on the crater wall travels down along the free surface, but is damped by the high viscosity drop liquid, which follows the inside of the crater. However, the crater wall is lined with the pool liquid and it enters the viscous cylinder along the axis of symmetry.
The bottom row in Fig. 28 shows fine azimuthal buckles, which are more visible in the close-up images in Fig. 29 . The wavelengths are here slightly smaller than for the 500-cSt drop; see, for example, Fig. 9(b) . The three regular azimuthal buckles pointed out by the arrows in Fig. 29(a) , have original wavelengths of λ 90 μm. It is not clear whether this reduced wavelength is due to the lower ν d , or thinner viscous sheets. This will require more detailed studies, perhaps using viewing from the bottom. The bottom panel of this figure also shows radial buckles (arrow). Figure 30 shows azimuthal bucklings at the top of the drop liquid, for both high and low drop viscosities.
V. DISCUSSION AND CONCLUSIONS
Herein we have identified complex liquid buckling which occurs during the impact of a highly viscous drop on a less viscous but miscible pool. The drop is of slightly larger density than the pool, making it sink. The drop liquid is stretched out into thin viscous sheets, which are susceptible to compression-induced buckling. Both axisymmetric and azimuthal buckling is observed and we map the parameter region where this phenomenon is most prevalent. The strongest stretching and 073602-33 compression is induced around a vortex ring, which pulls in folds of the viscous sheet and winds them around its core. PIV allows us to track the origin and evolution of this vortex ring. The strong viscosity difference between drop and pool leads to a vortical boundary layer in the flow up along the bottom side of the drop liquid. This boundary layer separates at the top edge of the viscous bowl and rolls up to form the vortex ring, which subsequently advects into the bowl-shaped drop and starts entraining and winding up the viscous sheets, as is shown in Fig. 21 . This vorticity-generation mechanism is qualitatively different from the vortex rings formed by the impact of a drop on an identical pool liquid, where it arises from the flow along the curved free air-liquid interface in the neck connecting the drop and pool [36, 37] . Conceptually, if the drop impacts too fast for surface tension to pull the neck out radially, then the drop will contact with the pool at numerous places and no coherent vortex ring can be formed. This is known to occur at impact velocities above We c 64 [34] . Herein our strongest vortex rings are formed for We ∼ 400, well above this critical value. Furthermore, the very viscous drop forms the top surface in the neck between drop and pool, which will eliminate the flow along the free surface inside the drop. It is this flow which provides the vorticity into the vortex ring, for the same-liquid drop [37] . The red color, in the second and third panels, indicates counterclockwise vorticity. The close-up shows the vorticity emerging from a sharp corner in the free surface within the drop liquid, marked red in the first panel. (b) Sharp corner in the neck between a pendent glycerin drop and a water pool, modified from Thoroddsen et al. [53] . Scale bar is 0.5 mm. and pool, as was shown in the simulations of Thoraval et al. [37] [see their Fig. 14, which is modified below in Fig. 32(a) ]. It is known for low-viscosity pools that while the speed of the coalescing neck of a viscous drop can be greatly slowed by a triple line [52] , it is not slowed down by the viscous drop when the two liquids are miscible [53] . However, the shape of the neck is likely to be greatly affected, as is shown, in Fig. 32(b) , for the coalescence of static viscous drop with a low-viscosity pool. In addition, the flow along the free surface within the pool would produce vorticity of the opposite sign to that of the vortex ring. We therefore conclude that the flow around the bottom section of the impacting drop is not driven by surface tension but is more akin to stagnation-point flow moving radially outward along the near-immobile drop surface, thereby producing the vortical layer. Our PIV resolution cannot resolve this boundary layer at the very earliest times, but in Fig. 20 , at t = 1.9 ms, it is visible hugging the surface of the drop and is subsequently seen rolling up into the vortex ring.
One can wonder whether baroclinic generation of vorticity plays a role, when the drop liquid diffuses into the pool and is subject to the positive pressure gradient along the bottom of the drop. We do not expect this to be a significant effect, owing to the very large Schmidt number and modest density difference in this diffuse boundary layer. We expect the same observed mechanism to be at play even if the two liquids were of the same density.
It is of historical interest to note that our mechanism for generating the vortex ring is conceptually similar to that proposed by Thomson and Newall in their ground-breaking 1885 paper [1] for a drop impacting on an identical low-viscosity pool. They proposed erroneously that the impacting drop acted like a solid sphere, generating vorticity on its surface, with the solid drop subsequently dissolving into the pool, thereby leaving the vortex ring to propagate.
The video images allow us to measure the overall area of the drop liquid, which is relevant to stirring and mixing of different liquid masses. We find surprisingly rapid stretching where the total drop area can grow 40-fold during the first 50 ms. It is an intriguing possibility that additional folds are pulled in around the vortex ring, at later times, than are shown in Fig. 15 , but these would be invisible, with our image magnifications, when they become submicron in thickness.
Even the simplest 2D model, i.e., that of a dye line wound up by a point vortex, reveals surprisingly rich behavior, with compression as well as stretching.
We have primarily focused on regular small-scale buckling of the viscous sheet of drop liquid. However, even the overall shape of the drop in Fig. 17 is in essence one fold of a buckle. The same is true of the first folding at the top of the bowl in Fig. 21 .
Increasing the viscosity of the pool reduces the drop deformations and no buckling is observed. On the other hand, when the drop viscosity is reduced, the viscous sheets become even more convoluted and they buckle at much finer length scales.
Many of the transparent axisymmetric shapes resemble those of vases and are sometimes adorned with azimuthal undulations, some of which are shown in Figs. 30 and 31 . We have only scratched the surface of the vast parameter space of this problem, where the two viscosities, two densities, surface tension, drop diameter, and impact velocity can be varied. Future experiments are bound to reveal even more intriguing shapes and dynamics than have been presented herein.
